INTRODUCTION
The Clp-family comprises members involved in energydependent protease systems that play important roles in protein quality control by removing misfolded or damaged proteins as well as no longer needed short-lived regulatory proteins to avoid potential aggregation (Baker and Sauer, 2006; Gottesman, 2003) . Clp proteases contain two distinct functional components, Clp-ATPase which acts as an unfoldase/chaperone, and ClpP which acts as a peptidase. Clp-ATPases such as ClpX and ClpA (ClpC and ClpE in the case of Bacillus subtilis) are hexameric AAA+ ATPases (ATPases associated with a variety of cellular activities) which recognize, unfold and translocate substrates to the protease component. ClpP is a serine protease consisting of two stacked heptameric rings with a small central entrance pore, and forms a complex with ClpATPases named ClpAP or ClpXP. Under physiological conditions, ClpP has only limited activity to degrade small peptides on its own, and mostly functions as a complex with ClpATPases (Kirstein et al., 2009 ).
This two-component Clp-protease system is highly conserved throughout prokaryotes and is also found in mitochondria and chloroplast of eukaryotes. Furthermore, it shares functional and architectural features with other energy-dependent protease systems such as HslVU in prokaryotes and the 26S proteasome in eukaryotes (Bochtler et al., 1999; Pickart and Cohen, 2004; Rohrwild et al., 1996; Song et al., 2000; Yu and Houry, 2007) . Structural and biochemical studies of these ATPdependent proteases have provided a wealth of information regarding the mechanism of substrate recognition and protease activation Lee et al., 2010a; Park and Song, 2008; Park et al., 2007; Rabl et al., 2008; Ramachandran et al., 2002; Song et al., 2000; Sousa et al., 2000; Wang et al., 2001) . HslU, ClpA/ClpX and the 19S regulatory cap utilize a domain(s) for recognizing substrate proteins and delivering these in an unfolded form, generated by ATP hydrolysis, to the matching proteases (Bochtler et al., 1999; Park and Song, 2008; Park et al., 2007; Sauer and Baker, 2011; Song and Eck, 2003) . Structural studies of HslVU complex, ClpP in complex with activator acyldepsipeptide (ADEP), the 20S proteasome in complex with the 11S proteasome activator PA28, and the Cterminal peptide of proteasome-activating nucleosidase (PAN) have revealed the activation mechanism of the protease components (Lee et al., 2010a; Li et al., 2010; Rabl et al., 2008; Sousa et al., 2000; Stadtmueller and Hill, 2011; Whitby et al., 2000) . As already mentioned, the cylindrical shape of the protease component has two substrate entry pores at both ends doubly capped by two AAA+ ATPases. All of these protease components are self-compartmentalized proteases that possess catalytic residues located deep inside the molecule, and which are shielded from direct access from the outside. It is unknown how the hydrolyzed products generated inside the protease chamber are efficiently released since all atomic resol-ution structures of HslV, ClpP and the 20S proteasome show virtually no product exit site except for the entrance pores (Bochtler et al., 1999; Groll et al., 1997; Lowe et al., 1995; Song et al., 2000; 2003; Sousa et al., 2000; Wang et al., 1997; 2001; Yu and Houry, 2007) .
Among the Clp-family of proteases, ClpP is the best characterized protease structurally, and possesses a unique region referred to as the 'handle region' utilized for upper and lower heptameric ring contacts. Presently, the structures of ClpPs from a variety of species have been reported (El Bakkouri et al., 2010; Kang et al., 2004; Kim and Kim, 2008; Lee et al., 2010a; Wang et al., 1997; Yu and Houry, 2007) . In contrast to the similar overall architectural shape, a ClpP structure from Mycobacterium tuberculosis suggests a flexible ring-ring contact (Ingvarsson et al., 2007) . An elegant quantitative NMR study of E. coli ClpP (EcClpP) suggested the presence of dynamic pores for peptide release, although clear structural information on this pore remains to be determined (Sprangers et al., 2005) . A very recent structural study using ClpP from Staphylococcus aureus (SaClpP) showed a compressed structure of the ClpP rings, and identified side pores which are wide enough for product release (Geiger et al., 2011; Zhang et al., 2011) . Subsequent biochemical assays have confirmed that this compressed structure of ClpP represents the state for product release.
Here, we present the structures of ClpP from Bacillus subtilis (BsClpP) in the compressed state as well as in the inhibited state with diisopropylfluoro-phosphate (DFP), a covalent serine protease inhibitor. The current study contributes structural information pertaining to several different conformational steps such as those related to extended, ADEP-activated, DFPinhibited and compressed forms of ClpP from B. subtilis. The compressed structure of BsClpP shows an unusual structural feature in the handle region for regulating substrate exit, and this finding might provide the framework for understanding the general functional cycle of cylindrical proteases.
MATERIALS AND METHODS

Sample preparation
BsClpP was prepared as previously reported (Lee et al., 2010a) . Briefly, BsClpP was cloned into pET-26b vector containing a six-residue histidine affinity tag at the carboxyl-terminus and then transformed into BL21(DE3). Expression was induced at 37°C by the addition of 1 mM IPTG at 0.7 OD (600 nm). Disrupted cell lysate was purified using His-trap Ni-NTA column, Hi-trap Q column and Superose 6 GL gel filtration chromatography (GE-healthcare). Purified BsClpP protein was concentrated to 4-5 mg/ml in buffer containing Tris-HCl (pH 8.0), 100 mM NaCl, 5% (w/v) glycerol and 1 mM DTT. For the preparation of DFP-inhibited enzyme, BsClpP and DFP were mixed in a 1:30 molar ratio and incubated for at least 30 min at 4°C.
Crystallization and data collection
All crystallizations were performed using the hanging-drop vapor-diffusion method at 22°C. Crystals of compressed-BsClpP were obtained using reservoir conditions comprising 100 mM sodium citrate (pH 5.6), 100 mM Li 2 SO 4 and 10-12% (w/v) PEG 4000. The same crystallization produced two different crystal forms, compressed BsClpP with space group C2 (Table 1) and extended BsClpP with space group P2 1 2 1 2 (PDB ID: 3KTH) (Lee et al., 2010a) . For the cryo-experiment, a single crystal was transferred to the reservoir solution containing 20% (w/v) glycerol prior to flash-freezing in a nitrogen stream at -173°C. DFP-inhibited BsClpP crystals were obtained using a reservoir solution comprising 100 mM Bicine/Trizma base (pH 8.5), 30 mM magnesium chloride, 30 mM calcium chloride, 20% (v/v) glycerol and 10% (w/v) PEG 4000 (Gorrec, 2009) . Diffraction data were processed with the program HKL2000 (Otwinowski and Minor, 1997) . Data collection statistics are summarized in Table 1 .
Structure determination and refinement Structures were determined by the molecular replacement method using the program MOLREP (Vagin and Teplyakov, 2010) . The phases of compressed-BsClpP and DFP-inhibited BsClpP were obtained using ClpP from Mycobacterium tuberculosis (PDB ID: 2CE3) and the previously extended-BsClpP structure (PDB ID: 3KTG) as search models, respectively (Ingvarsson et al., 2007; Lee et al., 2010a) . The model was rebuilt using the program COOT (Emsley et al., 2010) . The position of DFP was clearly identified using a F O -F C difference Fourier map contoured at 2.5σ. Structures were refined using the program PHENIX (Adams et al., 2010 ). Final refinement statistics are also summarized in Table 1 . For the structural comparisons, we used the coordinates of compressed ClpP from Staphylococcus aureus (PDB ID: 3QWD) (Geiger et al., 2011) .
Accession codes
Protein Data Bank: Atomic coordinates and structure factors have been deposited with the following accession codes: 3TT6 for compressed BsClpP and 3TT7 for DFP-inhibited BsClpP.
RESULTS AND DISCUSSION
Structure of BsClpP in the compressed state
We obtained a crystal of BsClpP belonging to monoclinic space group C2 possessing different cell parameters to that of a previously determined structure (Table 1) (Lee et al., 2010a) . Using the previous BsClpP model (PDB ID: 3KTG), we unsuccessfully attempted to solve the phase problem by molecular replacement. However, using a more distantly related starting model, a structure of ClpP1 from M. tuberculosis (MtClpP1, PDB ID: 2CE3), which possesses an unusual ClpP structure (Ingvarsson et al., 2007) , gave a successful solution. Following extensive model rebuilding and refinement, we obtained the final model refined at 2.6 Å resolution with disordered residues at the axial loop and handle region in each monomer (residues 1-18 and 125-137), as in the case of MtClpP1 (Ingvarsson et al., 2007) .
The overall structure of this new crystal form of BsClpP shows a root-mean-square (RMS) deviation of approximately 0.95 Å for 158 matching Cα atoms, suggesting a high degree of structural similarity to that of MtClpP1. This structure differs markedly from the previously determined BsClpP structure, even in overall shape, and shows that it is axially compressed by ca. 15 Å and slightly equatorially expanded by ca. 2 Å (Fig.  1) . Here, this structure is referred to as a compressed form of ClpP, whereas the previously determined BsClpP structure is referred to as an extended form. When the compressed BsClpP structure was analyzed, the presence of 14 pores generated by disordered residues at handle regions in the equatorial side was immediately apparent (Fig. 1B) . It is intriguing that the exit site for proteolytic products in ClpP remains unclear since all reported structures of ClpP only have two axial pores for substrate entry, which are capped by two Clp-ATPases (Fig. 1B ) (Lee et al., 2010a; 2010b; Yu and Houry, 2007) . Structural studies have suggested possibilities such as a singly capped ClpXP/ClpAP complex, which permits product release by one of two axial pores, and labile doubly-capped species, in which Clp-ATPase continuously dissociates and re-associates with ClpP (Ortega et al., 2002; . However, it has been reported that the handle regions utilized in ring-to-ring contacts in ClpP are highly dynamic and potential product exit sites as determined by NMR experiments in combination with biochemical studies and later in structural and theoretical studies using mutant enzymes (Kimber et al., 2010; Sprangers et al., 2005) . Therefore, the side pores found in our compressed BsClpP must represent product exit sites for the efficient enzymatic cycle (Fig. 1B) . While analyzing our compressed BsClpP structure, a similar compressed ClpP structure from S. aureus was reported (Fig. 1C ) (Geiger et al., 2011; Zhang et al., 2011) . Although it also shows a significantly compressed structure, the details differ substantially (See details later).
Differences between compressed and extended forms
Although there are marked overall structural differences between the extended and compressed forms of BsClpP (Figs.
1A and 1B), the secondary and tertiary structures of both forms of ClpP are very similar except for the dynamic handle region ( Fig. 2A) . As shown in Fig. 2B , a portion of the loop between α5 and β6 in handle region forms a β-sheet with that handle region opposite the heptameric ring, whereas a portion of the loop and helix α5 (residues 125-137) in compressed BsClpP are disordered in electron density, suggesting high flexibility of this region. Subsequently, there is no β-sheet formation between handle regions of the monomers in the two opposite heptameric rings (Figs. 1 and 2B ). Given this disorder, the equatorial side of ClpP possesses larger pores which are wide enough to release proteolytic product (Fig. 1B) . Indeed, the mutation of Glu135 and Leu144 in the handle region of SaClpP to opposite charged or alanine residues abolishes the catalytic activity due to a defect of product release (Geiger et al., 2011) . The existence of side exit pores is essential for achieving the optimal proteolytic efficiency of 2:1 ClpXP or ClpAP complexes because both ends of ClpP cylinder are capped by Clp-ATPases (Maglica et al.,
The active site was then analyzed since the catalytic triad (Ser97-His122-Asp171) in ClpP is located in the cleft between the head domain and handle region (Wang et al., 1997) . Previously, we reported that the catalytic triads in extended and ADEP-bound activated BsClpP showed very similar conformations, ruling out an allosteric activation mechanism (Lee et al., 2010a) . Interestingly, the distance between Ser97 and His112 in the compressed form increased by approximately up to 7 Å due to the different orientation of the side chain imidazole ring of His122 (Fig. 3A) , and consequently the active sites are severely distorted and must be enzymatically inactive compared to the 2.8 Å distance present in catalytically competent serine proteases (Fig. 3A) (Kim and Kim, 2008; Lee et al., 2010a; Park et al., 2004) . In fact, this histidine movement might be caused by an approximate 2 Å shift of the main chain segment containing Asp171 (Fig. 3A) .
Comparison of compressed ClpPs from two different species As we noted, a similar compressed structure of ClpP from S. aureus has been reported independently (Geiger et al., 2011) . Although both structures are compressed along the axial pore, BsClpP is further compressed by approximately 5 Å compared to SaClpP (Fig. 1C) . As a consequence, BsClpP possesses larger side pores compared with SaClpP. This difference can be accounted for by considering the handle region in SaClpP which, as in the case of BsClpP, shows a different conformation from the extended ClpP structures, although the detailed conformations of BsClpP and SaClpP differ markedly (Fig. 2C) . Two-thirds of the characteristic long helix α5 in the handle region is melted down and invisible in BsClpP, suggesting multiple conformations due to its extreme flexibility, whereas the helix in SaClpP is kinked sharply and whole residues in this region are well-defined (Fig. 2C) . Although there is a difference in the local conformation, the consequence of this structural change in helix α5 opens the side exit pores for product release. It has been reported that the catalytic triad of SaClpP is also catalytically inactive and basically adopts a similar conformation to that found in our compressed BsClpP (Fig. 3A ) (Geiger et al., 2011) .
Structure of DFP-Inhibited BsClpP
In an effort to determine whether the overall conformational changes are induced by inhibition of the active site of BsClpP, we also determined the crystal structure of BsClpP inhibited by diisopropylfluoro-phosphate (DFP), a well-known serine protease inhibitor that covalently binds to serine residues at the catalytic dyad and triad of proteases. The structure of the BsClpP-DFP complex was determined at 2.55 Å resolution (Table 1) and the catalytic serine residue (Ser97) of all active sites was found to be covalently modified with DFP (Fig. 3B) . The overall structure of the BsClpP-DFP complex is essentially the same as that of free (extended) BsClpP (RMS deviation of 0.37 Å for 180 matching Cα atoms in each monomer), confirming no major conformational change of ClpP upon DFP-inhibition. Even superposition of catalytic triads of extended and DFP-inhibited BsClpP shows nearly identical orientation of side chain atoms (Fig. 3B ).
Conformational diversity of ClpP
This BsClpP as well as ScClpP showed a compressed structure containing pores on the equatorial side of the cylindrical barrel, and confirms the substrate releasing exit route proposed by previous biochemical and mutational studies (Kimber et al., 2010; Sprangers et al., 2005) , although the details differ depending on the bacterial species as described above. We further analyzed the other functionally important regions in ClpP. The N-terminal segments (residues 1-18) near the axial pore region could not be built in our compressed BsClpP structure (Fig. 4D) , although portions of segments including residues of strand β-1 in extended BsClpP were well-defined (Fig. 4A) (Lee et al., 2010a) . These different features of the axial pore region are also found in MtClpP1, in which 15 residues at the aminoterminus of MtClpP1 are also disordered (Ingvarsson et al., 2007) . Furthermore, the same N-terminal segments in ADEPbound BsClpP were completely disordered, whereas those in ADEP-bound EcClpP were ordered (Lee et al., 2010a; Li et al., 2010) . In contrast to compressed BsClpP, compressed SaClpP has well-defined N-terminal segments as well as handle regions (Geiger et al., 2011) . In addition to the axial pore, we investigated the active site of ClpP. Previously, several ClpP structures representing inhibited or substrate-bound states have been reported (Kim and Kim, 2008; Szyk and Maurizi, 2006; Wang et al., 1997) . The overall shape of all of these structures shows an extended conformation as in the case of DFPinhibited BsClpP, although the active sites and N-terminal segments of the apo and inhibited structures vary depending on the bacterial species. For example, apo ClpP from H. pyroli (HpClpP) and EcClpP possess an inactive catalytic triad and undergo structural rearrangement upon substrate or inhibitor binding (Kim and Kim, 2008; Szyk and Maurizi, 2006) , whereas BsClpP shows a structurally competent catalytic triad even in the apo state (Lee et al., 2010a ). As noted above, the catalytic triad in compressed structures from the same species shows a severely distorted conformation (Fig. 3A) . With respect to the Nterminal segments, apo HpClpP possesses a disordered conformation as in the case of ADEP-bound BsClpP (Fig. 4B) , showing an enlarged axial pore without activator (Kim and Kim, 2008) . Indeed, the conformation of the N-terminal segments remains unclear since several different structures have been reported such as disordered, asymmetric up-and-down, and ordered with activator or inhibitor, even in the same species (E. coli) (Bewley et al., 2006; Li et al., 2010; Szyk and Maurizi, 2006; Wang et al., 1997) . In our DFP-inhibited structure, the Nterminal segments are well ordered and form a relatively narrow axial pore (Fig. 4C) , however the pore is enlarged in the compressed structure (Fig. 4D) . Hence, it is tempting to speculate that this flexible region possesses a dynamic property depending on the functional status, and may play a critical role in communicating with protein activator Clp-ATPases.
In conclusion, it should be noted that many of the functionally important regions in ClpP-family proteases such as N-terminal segments for the axial pore, catalytic triads, and handle domains associated with the product releasing pore exhibit intrinsically dynamic and unique structural features which are present within and between species. Therefore, it is important to acquire structural information pertaining to a series of structural states from the same species as shown in Fig. 4 . The BsClpP structures representing 4 different states should prove useful in contributing towards an understanding of this enigmatic cylindrical degradation machinery, and might form the basis for delineating the mechanisms utilized by other proteases such as HslV and the 20S proteasome.
